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(57) In an electron-emitting device having an elec- 
tron-emitting (4) member containing carbon as a main 
component, and an extraction electrode (2) arranged 
near the electron-emitting member, electrons can be 
emitted by substantially only a region of the electron- 
emitting member close to the extraction electrode. 



Brightness nonuniformity and abnormal lights-on errors 
are reduced in an image forming apparatus in which the 
electron-emitting devices are constituted into an elec- 
tron. The electron-emitting threshold field of the elec- 
tron-emitting member is set low at a portion close to the 
extraction electrode and high at a portion apart from the 
extraction electrode. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 5 

[0001] The present invention relates to an electron- 
emitting device, an electron source using the same, and 
an image forming apparatus serving as a television 
broadcasting display apparatus, a display apparatus for to 
a video conference system or computer, or an optical 
printer using a photosensitive drum or the like. 

Related Background Art 

15 

[0002] An FE (Field Emission) electron-emitting de- 
vice which emits electrons from a metal surface by ap- 
plying a high field of 1 0 6 V/cm or more to a metal has 
received a great deal of attention as one of cold electron 
sources. 20 
[0003] In recent years, flat display apparatuses using 
liquid crystals have been replacing CRTs in image form- 
ing apparatuses such as a display apparatus. The flat 
display apparatuses are not of self-emission type and 
require a backlight, and thus demands arise for self- 25 
emission display apparatuses. 

[0004] If an FE cold electron source becomes com- 
mercially available, it implements a flat self-emission im- 
age display apparatus, contributing to low power con- 
sumption and light weight 30 
[0005] A known example of a vertical FE electron 
source is one disclosed in C.A. Spindt, "Physical Prop- 
erties of Thin-Film Field Emission Cathodes with Molyb- 
denum Cones", J. Appl. Phys., 47, 5248 (1976). 
[0006] A diode structure in which a carbon nanotube 35 
is formed close to one terminal of an electrode is de- 
scribed in SID (Society for Information Display) Digest 
p. 386, 2000. By shifting the electron-emitting member 
to one terminal of the electrode, a higher field is formed 
at the terminal than at the center of the electrode. The *o 
high-field region formed only at the end of the electron- 
emitting region narrows the orbit of emitted electrons, 
obtaining a small electron beam spot 
[0007] Also, an electron-emitting device with a triode 
structure (only section) is proposed in 17th IDW (Inter- 45 
national Display Workshop) Digest p. 1005, 2000. This 
structure is shown in Fig. 7. In Fig. 7, an electron-emit- 
ting member is formed from a substrate 71, lower elec- 
trode (gate electrode) 72, insulating layer 73, upper 
electrode (cathode) 74, and carbon nanotubes 75. An so 
anode (fluorescent substance) 76 is arranged above the 
electron-emitting member. The insulating layer 73 is 
formed from two, Si0 2 and polyimide insulating layers. 
In this device, the lower electrode 72 is set to a high 
potential to form a high field between the upper and low- 55 
er electrodes. The field causes the carbon nanotubes 
75 formed on the upper electrode 74 to emit electrons, 
which reach the anode 76 serving as a fluorescent sub- 



stance. 

SUMMARY OF THE INVENTION 

[0008] It is reported that a conventional carbon nano- 
tube exhibits a threshold field of several V/um neces- 
sary for electron emission. The use of an electron-emit- 
ting material having a low threshold field for an electron- 
emitting device with the triode structure decreases the 
voltage necessary for electron emission. This reduces 
not only the cost of the driving apparatus but also the 
power consumption. 

[0009] However, when a high voltage is applied be- 
tween the anode and the cathode, electrons may be di- 
rectly emitted by the electron-emitting member on the 
cathode and reach the anode depending on conditions 
owing to a field formed between the cathode and the 
anode without applying any voltage to the gate elec- 
trode. In this situation, the orbit of electrons is different 
from that of electrons emitted by applying a voltage to 
the gate. Electrons do not reach a prospective region 
on the anode, and modulation by the gate electrode can- 
not be achieved. This causes misregistration in the im- 
age forming apparatus as an abnormal iights-on error, 
degrading the image quality. This phenomenon at even 
one portion in the image forming apparatus leads to an 
apparatus defect to narrow the design width of the im- 
age forming apparatus. 

[001 0] It is an object of the present invention to solve 
the above-described problems. 

[0011] According to the present invention, there is 
provided an electron-emitting device comprising: an 
' electron-emitting member containing carbon as a main 
component; and an extraction electrode arranged near 
the electron-emitting member, wherein an electron- 
emitting threshold field (a threshold electric field needed 
to starting of electron emission) of the electron-emitting 
member is low at a portion close to the extraction elec- 
trode and high at a portion apart from the extraction elec- 
trode. 

[0012] According to the present invention, there is 
provided a method of manufacturing an electron-emit- 
ting device having an electron-emitting member con- 
taining carbon as a main component, and an extraction 
electrode arranged near the electron-emitting member, 
the method comprising a threshold field control step of 
performing processing so as to give an electron-emitting 
threshold field of the electron-emitting member a differ- 
ent value depending on a distance from the extraction 
electrode. 

[0013] In the above-described electron-emitting de- 
vice, an example of the electron-emitting member con- 
taining carbon as a main component includes a plurality 
of fibrous carbon elements, and the fibrous carbon ele- 
ments are made of a material which has an sp 2 bond 
and is selected from the group consisting of a graphite 
nanofiber, a carbon nanotube, amorphous carbon, and 
a mixture of at least two materials selected from the 
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group consisting of the graphite nanofiber, the carbon 
nanotube, and amorphous carbon. Another example of 
the electron-emitting member containing carbon as a 
main component includes a thin film made of a material 
that has an sp 3 bond and is selected from the group con- 
sisting of diamond, diamond-like carbon, amorphous 
carbon, and a mixture of at least two materials selected 
from the group consisting of diamond, diamond-like car- 
bon, and amorphous carbon. 

[0014] In the above-described manufacturing meth- 
od, an example of the threshold field control step in- 
cludes the step of partially etching the electron-emitting 
member in an atmosphere of a substance which can 
chemically react with the electron-emitting member. 
[00 15] An example of the substance which ca n chem- 
ically react with the electron-emitting member includes 
water, oxygen, and carbon dioxide. In the threshold field 
control step, the electron-emitting member can emit 
electrons. At this time, a negative potential with respect 
to the electron-emitting member is applied to the extrac- 
tion electrode, and a positive potential with respect to 
the electron-emitting member is applied to an anode ar- 
ranged in opposite to the electron-emitting member via 
vacuum. 

[001 6] There is provided an electron source compris- 
ing at least one electron-emitting device array constitut- 
ed by arranging a plurality of electron-emitting devices 
described above parallel to each other and connecting 
the electron-emitting devices, there is provided an elec- 
tron source comprising at least one electron-emitting 
device array constituted by arranging a plurality of elec- 
tron-emitting devices described above, wherein low-po- 
tential supply wiring lines and high-potential supply wir- 
ing lines which drive the electron-emitting devices are 
arranged in a matrix. There is provided an image form- 
ing apparatus comprising the above-described electron 
source, and an image forming member which forms an 
image by electrons emitted by the electron source, 
wherein an electron-emitting amount of each electron- 
emitting device of the electron source is controlled by 
an information signal. 

[0017] In a method of manufacturing an electron 
source in which at least one array of a plurality of elec- 
tron-emitting devices is arranged on an insulating sub- 
strate, and low-potential supply wiring lines and high- 
potential supply wiring lines which drive the electron- 
emitting devices are arranged in a matrix, the electron- 
emitting devices are manufactured by the above-de- 
scribed manufacturing method. An example of the 
threshold field control step is line-sequentially per- 
formed by selecting an array of the electron-emitting de- 
vices and driving each array. Another example of the 
threshold field control step is point-sequentially per- 
formed by selecting an electron-emitting device and 
driving the selected device. 

[0018] The electron-emitting device and electron 
source according to the present invention can emit elec- 
trons from substantially only a region of the electron- 
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emitting member close to the extraction electrode. The 
image forming apparatus constituted using the electron 
source can form a high-quality image almost free from 
brightness nonuniformity and abnormal lights-on errors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] 

Figs. 1 A and 1 B are views showing ah example of 
a basic electron-emitting device according to the 
present invention; 

Fig. 2 is a view for explaining the threshold field con- 
trol step in the electron-emitting device manufactur- 
ing method of the present invention; 
Fig. 3 is a view showing an arrangement when the 
electron-emitting device according to the present 
invention is operated; 

Figs. 4A, 4B, 4C, 4D, 4E, and 4F are views showing 
steps in manufacturing an electron-emitting device 
according to Example 1; 

Fig. 5 is a view showing an electron-emitting device 
according to Example 2; 

Fig. 6 is a view showing an arrangement of a matrix 
circuit using a plurality of electron-emitting devices 
according to the present invention; 
Fig. 7 is a view showing a conventional multilayered 
FE device; 

Fig. 8 is a view showing a form of fibrous carbon; 
and 

Fig. 9 is a view showing another form of fibrous car- 
bon. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 



[0020] A preferred embodiment of the present inven- 
tion will be described below, but the present invention is 
not limited by the embodiment 

40 [0021] One method of forming electron-emitting 
members having different electron-emitting threshold 
field depending on the distance from an extraction elec- 
trode in the present invention will be explained with ref- 
erence to Fig. 2. 

45 [0022] In Fig. 2, an extraction electrode (also referred 
to as a "gate electrode" or "gate") 2, a cathode electrode 
(also referred to as an "emitter electrode") 3, an elec- 
tron-emitting member 4, and a conductive material 5 are 
formed on a rear substrate 1. This electron-emitting de- 

50 vice is set in a vacuum vessel 20. An anode electrode 
22 is formed on an anode substrate 21. Equipotential 
lines 23 are formed between the anode and the electron- 
emitting device, and represent given potentials. An up- 
permost plane 24 of the electron-emitting member is de- 

55 fined by a height s from the gate electrode. The vacuum 
vessel 20 is connected to an evacuation apparatus 25, 
and a vessel 26 contains a substance which reacts 
chemically or physically with the electron-emitting mem- 
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ber. Both the cathode electrode 3 and conductive ma- 
terial 5 may be called a cathode electrode (also referred 
to as an "emitter electrode"). 

[0023] A gap between the electrodes 2 and 3 is de- 
fined as a distance d. A distance between the rear sub- 5 
strate 1 and the anode substrate 21 is defined as a dis- 
tance H. 

[0024] First, the device is arranged in the vacuum ves- 
sel 20, and a vacuum is produced using the evacuation 
apparatus 25. A voltage is applied to the device so as 10 
to set the extraction electrode 2 to a low potential and 
the electron-emitting member 4 to a high potential. 
Then, a higher potential Va than that of the electron- 
emitting member 4 is applied to the anode 22 which fac- 
es the substrate 1 by the distance H. At this time, the *5 
equipotential lines 23 as shown in Fig. 2 are formed. 
[0025] As is apparentfrom Fig. 2, an equipotential line 
23 having a specific potential is formed on the surface 
of the electron-emitting member 4 such that the equipo- 
tential line 23 is spaced apart from the electron-emitting 20 
member 4 in a region closest to the gate electrode 2 and 
comes close to the electron-emitting member 4 as the 
line 23 is spaced apart from the gate electrode 2. That 
is, on the surface of the electron-emitting member 4, the 
electric field intensity is low in a region close to the gate 25 
electrode 2 and high in a region apart from the gate elec- 
trode 2. 

[0026] In this state, an electric field intensity in a re- 
gion apart from the gate electrode reaches a electric 
field strength(intesity) enough to emit electrons under 30 
proper conditions of the anode voltage Va and height H. 
Electrons are emitted from an electron-emitting member 
in a region apart from the gate electrode, whereas no 
electrons are emitted in a region close to the gate elec- 
trode. 35 
[0027] In this situation, the valve (not shown) of the 
vessel 26 containing a substance which reacts with the 
electron-emitting member 4 is opened to introduce a 
small amount of reactive substance into the vacuum 
vessel 20. 40 
[0028] The substance which reacts with the electron- 
emitting member 4 mainly includes two types of sub- 
stances: a substance which reacts chemically and a 
substance which reacts physically. Examples of the sub- 
stance which reacts chemically are 0 2 , H 2 O t and C0 2 45 
for a carbon electron-emitting member 4. The substance 
which reacts physically is a substance which changes 
into a charged particle by an electron beam, and is pref- 
erably a substance with a relatively large mass number 
such as Ar. The introduction pressure of the substance so 
gas, which changes depending on the type of gas, is 
generally about 1 x 10-* Pa to 1 x 10 1 Pa in order to 
chemically react with the electron-emitting member 4 
during the electron emission, and about 1 x 10* 6 Pa to 
1 x 10 1 Pa in order to physically react. 55 
[0029] In this situation, the portion which emits elec- 
trons is highly chemically active due to high tempera- 
tures or the like. At this portion, chemical reaction with 



the electron-emitting member progresses at a higher 
speed than in a region where no electrons are emitted. 
The electron-emitting member is chemically etched 
away, and changes its form or disappears, thus increas- 
ing the electron-emitting threshold field. 
[0030] At the portion which emits electrons, emitted 
electrons ionize the gas of the substance which is intro- 
duced into vacuum and physically reacts. Ions collide 
against the electron-emitting portion. Then, the elec- 
tron-emitting portion is etched away, and changes its 
form or disappears, increasing the electron-emitting 
threshold field. 

[0031] In the threshold field control step accompanied 
with potential application according to the present inven- 
tion, a portion which easily emits electrons (easily en- 
hances the electric field intensity) intensively reacts and 
is etched in the electron-emitting region to remove a por- 
tion where the electric field is excessively concentrated. 
As a result, electron-emitting members having different 
electron-emitting threshold fields are formed in the di- 
rection of distance from the gate. 
[0032] In the present invention, a bundle of a plurality 
of fibrous carbon is preferably used as the electron-emit- 
ting member 4. The fibrous carbon has a very large as- 
pect ratio and easily enhances the electric field intensity. 
The fibrous carbon can therefore emit electrons at a low 
voltage, and is preferably used as the electron-emitting 
member 4 of the present invention. 
[0033] The "fibrous carbon" in the present invention 
can be called a "pillar substance containing carbon as 
a main component" or "linear substance containing car- 
bon as a main component" or "carbon fiber". The "fi- 
brous carbon" can also be referred to as a "fiber con- 
taining carbon as a main component". More specifically, 
the "fibrous carbon" in the present invention includes a 
carbon nanotube, graphite nanofiber, and amorphous 
carbon fiber. Of these materials, the graphite nanofiber 
is the most preferable as the electron-emitting member. 
[0034] A material preferably adopted as the electron- 
emitting member 4 is a bundle of a plurality of carbon 
fibers. 

[0035] The fibrous carbon(carbon fiber) has a thresh- 
old field of several V/um. Figs. 8 and 9 show forms of 
the fibrous carbon. In Figs. 8 and 9, a form observed at 
the optical microscope level (up to X1,000) is schemat- 
ically shown on the left side; a form observed at the 
scanning electron microscope (SEM) level (up to 
X30.000), at the center; and a carbon form observed at 
the transmission electron microscope (TEM) level (up 
to X1, 000,000), on the right side. 
[0036] As shown in Fig. 8, the cylindrical form of 
graphene (multiple cylindrical structure is called a multi- 
wall nanotube) is called a carbon nanotube, and its 
threshold field decreases the most in a structure in 
which the distal end of the tube is open. More specifi- 
cally, the carbon nanotube is a fibrous substance in 
which graphene is so arranged as to surround (cylindri- 
cally) the tube in the longitudinal direction (fiber axial 
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direction). In other words, the carbon nanotube is a fi- 
brous substance in which graphene is arranged sub- 
stantially parallel to the fiber axis. 
[0037] Fig. 9 shows a fibrous carbon form which can 
be generated at relatively low temperatures. Fibrous 
carbon with this form is made from a graphene multilay- 
ered member (thus called a "graphite nanofiber"). More 
specifically, the graphite nanofiber means a fibrous sub- 
stance in which graphene is stacked in the longitudinal 
direction (fiber axial direction). In other words, the 
graphite nanofiber is a fibrous substance in which 
graphene is arranged not parallel to the fiber axis. 
[0038] One plane(sheet) of graphite is called a 
"graphen" or a "graphen sheer. More specifically, 
graphite comprises a plurality of stacked or layered car- 
bon planes. Each carbon plane comprises a repeated 
hexagon having a carbon atom at each vertex thereof 
and having a covalent bond along each side thereof. 
The covalent bond is caused by sp2 hybrid orbitals of 
carbon atoms. Ideally, the distance(interval) between 
the neighboring carbon planes is 3.354 x 10~ 10 m. Each 
carbon plane is called "graphene" or a "graphene 
sheet". 

[0039] Either fibrous carbon has an electron-emitting 
threshold field of about 1 to 10 V/u.m, and is preferable 
as the material of the electron-emitting member 4 in the 
present invention. 

[0040] In particular, an electron-emitting device using 
a graphite nanofiber aggregate can emit electrons with 
a low field, obtain a large emission current, be easily 
manufactured, and provide an electron-emitting device 
having a stable electron-emitting characteristic. Com- 
paring to the electron-emitting device comprising a plu- 
rality of carbon nanotubes (a bundle of carbon nano- 
tubes), the electron-emitting device comprising a plural- 
ity of graphite nanofibers(a bundle of graphite nanofib- 
ers) can be expected to obtain more electron emission 
current and/or stable electron emission. 
[0041] For example, an electron-emitting device can 
be formed by using the graphite nanofiber as an emitter 
and preparing an electrode which controls electron 
emission from this emitter. A light-emitting apparatus 
such as a lamp can be formed by using a light-emitting 
member which emits light by irradiation of electrons 
emitted by the graphite nanofiber. An image display ap- 
paratus such as a display can also be constituted by ar- 
raying a plurality of electron-emitting devices using the 
graphite nanofiber and preparing an anode electrode 
with a light-emitting member such as a fluorescent sub- 
stance. 

[0042] The electron-emitting apparatus, light-emitting 
apparatus, and image display apparatus using the 
graphite nanofibers or carbon nanotubes can stably 
emit electrons without keeping the interior in ultrahigh 
vacuum, unlike a conventional electron-emitting device. 
Since electrons are emitted with a low field, a high-reli- 
ability apparatus can be very easily manufactured. From 
this, the manufacturing method of the present invention 



can be preferably applied to a device using the graphite 
nanofiber or carbon nanotube. 

[0043] The fibrous carbon can be formed by decom- 
posing hydrocarbon gas using a catalyst (material which 

5 accelerate generating of carbon). The carbon nanotube 
and graphite nanofiber change depending on the type 
of catalyst and the decomposition temperature. 
[0044] As the catalyst material, Fe, Co, Pd, Ni, or an 
alloy of at least two materials selected from them is 

10 available as a nucleus (catalyst) for forming fibrous car- 
bon. 

[0045] Particularly, Pd and Ni can generate a graphite 
nanofiber at low temperatures (temperature of 400°C or 
higher). Since the generation temperature of a carbon 

1* nanotube using Fe and Co must be 800°C or higher, 
low-temperature formation of a graphite nanofiber ma- 
terial using Pd arid Ni is preferable in terms of the influ- 
ence on another member and the manufacturing cost. 
[0046] The nucleus formation material can be pa Had i- 

20 um oxide by using a property that an oxide is reduced 
by hydrogen at a low temperature (room temperature). 
[0047] Hydrogen reduction processing for palladium 
oxide can form an initial aggregation nucleus at a rela- 
tively low temperature without using thermal aggrega- 

25 tion of a metal thin film or generation and vapor deposi- 
tion of ultrafine particles conventionally used as a gen- 
eral nucleus formation method. 

[0048] Examples of the hydrocarbon gas are hydro- 
carbon gases such as acetylene, ethylene, methane, 

30 propane, and propylene, CO gas, C0 2 gas, and the va- 
por of an organic solvent such as ethanol or acetone. 
[0049] When fibrous carbon is used for the electron- 
emitting member 4, the catalyst particle is applied to a 
desired region (on the cathode electrode 3), and intro- 

35 duced hydrocarbon gas is thermally decomposed. As a 
result, a bundle of a plurality of carbon fibers can be di- 
rectly grown on the cathode electrode 3 via the catalyst 
particles. Alternatively, carbon fibers can be separately 
formed. In this case, carbon fibers are mixed in ink or 

40 paste and applied onto the cathode electrode 3 by print- 
ing or coating. The applied ink or paste is heated to form 
a bundle of carbon fibers on the cathode electrode 3. As 
printing or coating, various general printing methods can 
be applied. More specifically, a known method such as 

45 screen-printing, dispenser coating, and ink-jet printing 
can be adopted. In the example of Fig. 2, the cathode 
electrode 3 and conductive material 5 are separate 
members. However, the conductive material 5 is not al- 
ways necessary, and may be made of the same material 

so as that of the cathode electrode 3. 

[0050] In order to suppress scattering of emitted elec- 
trons on the gate electrode in the electron-emitting de- 
vice of the present invention, a plane which includes the 
surface of the electron-emitting member 4 and is sub- 

55 stantially parallel to the surface of the substrate 1 is pref- 
erably arranged at a position more apart from the sub- 
strate surface than a plane which includes part of the 
surface of the gate electrode 2 and is substantially par- 
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ailel to the surface of the substrate 1 (see Fig. 2). In other 
words, in the electron-emitting apparatus of the present 
invention, the plane which includes part of the surface 
of the electron-emitting member 4 and is substantially 
parallel to the surface of the substrate 1 is arranged be- 
tween the anode electrode 22 and the plane which in- 
cludes part of the surface of the gate electrode 2 and is 
substantially parallel to the surface of the substrate 1 
(see Fig. 2). 

[0051] In the electron-emitting device of the present 
invention, the electron-emitting member 4 is arranged 
at the height s (defined by the distance between the 
plane which includes part of the surface of the gate elec- 
trode 2 and is substantially parallel to the substrate 1 
and the plane which includes the surface of the electron- 
emitting member 4 and is substantially parallel to the 
surface of the substrate 1 (see Fig. 2)) at which no scat- 
tering substantially occurs on the gate electrode 2. 
[0052] The height s depends on the ratio of a vertical 
electric field intensity to a horizontal electric field inten- 
sity (vertical electric field intensity / horizontal electric 
field intensity). The height is smaller as the ratio is high- 
er, and larger as the ratio is lower. The practical range 
of the height s is 10 nm (inclusive) to 10 um (inclusive). 
[0053] The "horizontal electric field" in the present in- 
vention is "an electric field substantially parallel to the 
surface of the substrate 1", or "an electric field in a di- 
rection in which the gate electrode 2 and cathode elec- 
trode 3 face each other". 

[0054] The "vertical electric field" in the present inven- 
tion is "an electric field in a direction substantially per- 
pendicular to the surface of the substrate 1", or "an elec- 
tric field in a direction in which the substrate 1 and anode 
electrode 22 face each other". 

[0055] In the electron-emitting apparatus of the 
present invention, as shown in Fig. 2, let d be the interval 
between the cathode electrode 3 and the gate electrode 
2, Vf be the potential difference (voltage between the 
cathode electrode 3 and the gate electrode 2) upon driv- 
ing the electron-emitting device, H be the distance be- 
tween the anode electrode 22 and the surface of the 
substrate 1 on which the device is arranged, and Vb be 
the potential difference between the anode electrode 22 
and the cathode electrode 3. In this case, the electric 
field intensity in driving (horizontal electric field intensi- 
ty): E1 = Vf/d is set equal to or 50 times or less than an 
anode-cathode electric field intensity(vertical electric 
field intensity): E2 = Va/H. 

[0056] This setting can reduce the ratio of electrons 
which are emitted by the cathode electrode 3 and collide 
against the gate electrode 2. Consequently, a high-effi- 
ciency electron-emitting device with less spread of an 
emitted electron beam can be obtained. 
[0057] Driving of the electron-emitting device of the 
present invention having electron-emitting members 
with different electron-emitting threshold fields will be 
explained with reference to Fig. 3. In Fig. 3, the same 
reference numerals as in Fig. 2 denote the same parts. 



[0058] In Fig. 3, the device is arranged in the vacuum 
vessel 20, and a vacuum is produced using the evacu- 
ation apparatus 25. A voltage is applied to the device so 
as to apply a potential opposite to that in Fig. 2, i.e., a 
5 high potential to the gate electrode 2 arid a low potential 
to the electron-emitting member 4. At this time, the equi- 
potential lines 23 are shown in Fig. 3 are formed. 
[0059] As is apparent from Fig. 3, an equipotential line 
23 having a specific potential is formed on the surface 
to of the electron-emitting member 4 such that the equipo- 
tential line 23 comes close to the electron-emitting mem- 
ber 4 in a region closest to the gate electrode 2 and is 
spaced apart from the electron-emitting member 4 as 
the line 23 is spaced apart from the gate electrode 2. 
15 That is, on the surface of the etectron-emitting member 
4, the electric field intensity is high in a region close to 
the gate electrode 2 and low in a region apart from the 
gate electrode 2. 

[0060] For this reason, electrons can be mainly emit- 
ted from the area 24. That is, the step of changing the 
above-mentioned electron-emitting threshold field on 
the surface of the electron-emitting member 4 is adopt- 
ed while an electric field intensity(strength) equal to or 
higher than an elctric field intensity(strength) necessary 
for actual driving is applied. Electrons are mainly emitted 
from the electron-emitting member 4 in a region close 
to the gate electrode 2, and no electrons are substan- 
tially emitted from an electron-emitting member region 
apart from the gate electrode 2. 

[0061] This can prevent phenomena such as an ab- 
normal lights-on state in which electrons are emitted 
without applying any potential to the gate electrode, 
which poses a problem in the image forming apparatus. 



[0062] Examples of the present invention will be de- 
scribed in detail. 



[00 63] Fig . 1 A shows the state of an electron-emitting 
device fabricated in Example 1 when viewed from above 
the device. Fig. 1B is a sectional view taken along the 
line1B-1B. 

[0064] In Figs. 1A and 1B, the electron-emitting de- 
vice is formed from an insulating substrate 1, extraction 
electrode 2, cathode electrode 3, electron-emitting 
member (emitter material) 4, and conductive layer 5 on 
which fibrous carbon can grow. 

[0065] The electron-emitting device manufacturing 
process of Example 1 will be explained in detail with ref- 
erence to Figs. 4A to 4F. 



[0066] A quartz substrate was used as the substrate 
1 and fully cleaned. After that, Ti and Pt were succes- 
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sively sputtered to thicknesse of 5 nm and 30 nm, re- 
spectively, as the gate electrode 2 and cathode (emitter) 
electrode 3. 

[0067] A resist pattern was formed using a positive 
photoresist (AZ1500 available from Clariant) by photo- 
lithography. 

[0068] The Pt and Ti layers were dry-etched by Ar gas 
using the patterned photoresist as a mask, thereby 
forming an extraction electrode (gate electrode) 2 and 
cathode electrode 3 with an electrode gap d of 5 fim 
(Fig.4A). 

(Step 2) 

[0069] The substrate temperature was kept at 300°C, 
TIN was deposited to a thickness of 500 nm by reactive 
sputtering of sputtering Ti with etching gas prepared by 
mixing nitrogen in Ar, thereby forming a TiN layer 5* (Fig. 
4B). 

(Step 3) 

[0070] After the substrate was sufficiently cooled to 
room temperature, Pd was deposited by an amount 
enough to form an is land by sputtering using Ar gas 
with the same evacuation apparatus as that in step 2, 
thus forming an island-like Pd layer 41 (Fig. 4C). 

(Step 4) 

[0071] A resist pattern was formed using a positive 
photoresist (AZ1500 available from Clariant) by photo- 
lithography. 

[0072] The island-like Pt layer 41 and TiN layer 5' 
were dry-etched by CF 4 gas using the patterned pho- 
toresist as a mask, thereby forming a metal catalyst (is- 
land-like Pd layer 41) on only one electrode (i.e., cath- 
ode electrode 3) (Fig. 4D). 

(Step 5) 

[0073] Subsequently, the resultant structure was an- 
nealed at 500°C for 1 0 min in a flow of gas prepared by 
mixing 1% hydrogen diluted with nitrogen at the atmos- 
pheric pressure and nitrogen-diluted 0.1% acetylene at 
1:1. The structure was observed by a scanning electron 
microscope to find that many fibrous carbon elements 
(electron-emitting members 4) about 5 nm to 250 nm in 
diameter which bent and fibrously extended were 
formed in the Pd formation region (Fig. 4D). At this time, 
the fibrous carbon thickness was about 5 nnv 
[0074] The device was set in a vacuum vessel 20 as 
shown in Fig. 2, and the interior of the vacuum vessel 
20 was sufficiently evacuated to 2 x 1 0~ 5 Pa by an evac- 
uation apparatus 25. Then, a valve for an H 2 0 etching 
gas 26 was opened to set a vacuum degree of 1 x 10* 4 
Pa in the vacuum vessel 20. 

[0075] An anode voltage Va = 2 kV was applied to an 



anode (anode electrode) 22 apart from the device by H 
= p. 1 mm. At that time, the cathode electrode 3 was set 
to ground potential, and a DC voltage ranging from Vf = 
-10 V to -100 V was applied to the gate electrode 2. 

5 [0076] At the beginning of this step, electrons were 
emitted from a region of the electron-emitting member 
4 apart from the gate electrode 2, and an electron cur- 
rent of about 50 nA was observed. This current gradually 
decreased to 1 nA. 

*o [0077] In this state, the device form was observed to 
find that fibers excessively longer than the average 
thickness of formed fibrous carbon decreased in the re- 
gion of fibrous carbon (electron-emitting member 4) 
apart from the gate electrode 2. Depending on the an- 

*5 ode voltage Va, distance H, and application voltage Vf, 
the average thickness of initial fibrous carbon tended to 
decrease as fibrous carbon was spaced apart from the 
gate electrode 2 (see Fig. 4F). 

[0078] The device was set in a vacuum vessel 20 as 
20 shown in Fig. 3, and the interior of the vacuum vessel 
20 was sufficiently evacuated to 2 x 1 0 5 Pa by an evac- 
uation apparatus 25. 

[0079] Then, an anode voltage Va = 10 kV was ap- 
plied to the anode (anode electrode) 22 apart from the 

25 device by H = 2 mm . At that time, the cathode electrode 
3 was set to ground potential, and a pulse voltage rang- 
ing from Vf = +20 V to +100 V was applied to the gate 
electrode 2. For a device length (W in Fig. 1A) of 300 
nm. an electron-emitting current of 10 nA was observed. 

30 [0080] Electrons were emitted by only the portion 24 
shown in Fig. 3, and only one beam spot was confirmed 
when the fluorescent substance was set on the anode 
side. 

35 [Example 2] 

[0081] Fig. 5 is a view showing an electron-emitting 
device in Example 2. In Fig. 5, the electron-emitting de^ 
vice is formed from a substrate 1 , lower electrode (gate 
40 electrode) 2, upper electrode (cathode electrode) 3, 
conductive layer 5 on which fibrous carbon can grow, 
electron-emitting member 4 made of a carbon material, 
anode substrate 51, anode electrode 52, and interlayer 
dielectric film 53. The manufacturing method of this de- 
45 vice will be described below. 

[0082] In Example 2, a soda lime-based high-strain- 
point glass substrate was used as the substrate 1. 
[0083] A lower electrode 2 made of a silver-based 
wire about 3 nm in thickness and about 350 u.m in width 
50 was formed on the substrate 1 using screen printing. 
[0084] Si0 2 was sputtered as an interlayer dielectric 
film material to a thickness of about 1 nm on the entire 
substrate surface. Successively, Ti was sputtered to 5 
nm (not shown due to a small thickness) as a layer con- 
55 tact to Si0 2 , and Pt was deposited as an upper electrode 
material to a thickness of about 100 nm. 
[0085] Ti was sputtered to a thickness of 5 nm as the 
conductive layer 5 on which fibrous carbon can grow. 
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Pd was sputtered into an island-like film 5 nm or less in 
thickness (not shown due to a small thickness) as a cat- 
alyst layer. 

[0086] A pattern corresponding to the shape of the up- 
per electrode 3 was formed using photolithography re- 5 
sist. 

[0087] The substrate was set in a dry etching appara- 
tus. Pd as the catalyst layer and Ti as the fibrous carbon- 
growable conductive layer 5 were dry-etched away with 
SF 6 gas by using the resist pattern as a mask. Pt as the 10 
upper electrode material was dry-etched away using Ar 
gas, and Ti as the Si0 2 contact layer was removed using 
HBr gas. 

[0088] Si0 2 as the interlayer dielectric film material 
was dry-etched away using a gas prepared by mixing *5 
proper amounts of CF 4 and H 2 . The resist used as a 
mask was removed to form an interlayer dielectric film 
53 and upper electrode 3 having desired pattern 
shapes. 

[0089] The substrate was set in a furnace, and gas in 20 
the furnace was satisfactorily exhausted. Thereafter, ni- 
trogen-diluted 1% hydrogen and nitrogen-diluted 1% 
ethylene were introduced into the furnace up to the at- 
mospheric pressure at a ratio of 1 : 1 . 
[0090] After the substrate was heated to 600°C and 25 
kept for 30 min in the furnace, black fibrous carbon (elec- 
tron-emitting member) 4 was grown on the entire upper 
electrode. 

[0091] The grown fibrous carbon was observed by a 
transmission electron microscope to find that graphene 30 
was formed in a multilayered structure, as shown on the 
right side of Fig. 9. 

[0092] The step of changing the electron-emitting 
threshold field of the electron-emitting member was the 
same as that in Example 1 . 35 
[0093] In Example 2, a pulse voltage was used to ap- 
ply a low potential to the gate electrode 2. When pulses 
stop, the electron-emitting threshold field of a region of 
the electron-emitting member 4 apart from the gate elec- 
trode 2 changes. In addition, the electron-emitting 40 
threshold field of a region of the electron-emitting mem- 
ber 4 close to the gate electrode 2 increases. Hence, 
with the use of the pulse method, like Example 2, the 
electron-emitting threshold field between devices could 
be set to a desired value. The increase ratio over time 45 
could be controlled by changing the pulse duty. 

[Example 3] 

[0094] Example 3 concerns an image forming appa- so 
Tatus constituted using an electron source obtained by 
arranging a plurality of electron-emitting devices of the 
present invention. The electron source will be described 
with reference to Fig. 6. 

[0095] In Fig. 6, the electron source is made up of an 55 
electron source substrate 6 1 , X-direction wiring lines 62, 
Y-direction wiring lines 63, electron-emitting devices 64 
of the present invention, and connections 65. 



[0096] If the device capacitance increases owing to 
the arrangement of a plurality of electron-emitting devic- 
es, the waveforms becomes blunt due to the capacitive 
component even upon application of a short pulse ac- 
companying pulse width modulation, failing to obtain an 
expected tone level. In Example 3, an interlayer dielec- 
tric film was arranged to reduce an increase in capaci- 
tive component at a portion other than the electron-emit- 
ting portion. 

[0097] In Fig. 6, m X-direction wiring lines 62 include 
Dx1, Dx2,..., Dxm,andare made of an aluminum-based 
wiring material about 1 um in thickness and 300 urn in 
width formed by vapor deposition. The wiring material, 
film thickness, and width are appropriately designed. 
The Y-direction wiring lines 63 include n wiring lines 
Dy1, Dy2,..., Dyn 0.5 \im in thickness and 100 jim in 
width, and are formed similarly to the X-direction wiring 
lines 62. An interlayer dielectric film (not shown) is in- 
terposed between the m X-direction wiring lines 62 and 
the n Y-direction wiring lines 63, and electrically insu- 
lates them. The X- and Y-direction wiring lines 62 and 

63 are extracted as external terminals. Note that m and 
n represent positive integers. 

[0098] The interlayer dielectric film (not shown) was 
formed from Si0 2 about 5 nm in thickness by sputtering 
or the like. All or part of the surface of the substrate 61 
on which the X-direction wiring lines 62 were formed 
was formed into a desired shapes To resist the potential 
difference at the intersection between the X- and Y-di- 
rection wiring lines 62 and 63, the thickness of the inter- 
layer dielectric film was so determined as to attain a de- 
vice capacitance of 1 pF or less per device and a device 
breakdown voltage of 30 V. 

[0099] gate electrode and cathode electode Pairs (not 
shown) which constitute the electron-emitting devices 

64 of the present invention are electrically connected by 
the m X-direction wiring lines 62, the n Y-direction wiring 
lines 63, and the connections 65 made of a conductive 
metal or the like. 

[01 00] Each X-direction wiring line 62 is connected to 
a scanning signal application means (not shown) for ap- 
plying a scanning signal for selecting a row of electron- 
emitting devices 64 of the present invention aligned in 
the X direction. Each Y-direction wiring line 63 is con- 
nected to a modulation signal generation means (not 
shown) for modulating in accordance with an input sig- 
nal each array of the electron-emitting devices 64 of the 
present invention aligned in the Y direction. A driving 
voltage applied to each electron-emitting device is sup- 
plied as a difference voltage between the scanning and 
modulation signals supplied to the device. 
[0101] If X-direction rows and Y-direction arrays in- 
crease in a matrix as shown in Fig. 6, the application 
voltage to respective devices may vary due to the volt- 
age drop in selecting all the electron-emitting devices in 
the matrix and performing the threshold field control step 
at once. To prevent this, the threshold field control step 
is preferably executed line-sequentially or point-se- 
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quentially. 

[01 02] The tine-sequential threshold field control step 
will be described. For example, the same voltage is ap- 
plied to the n Y-direction wiring lines Dy1, Dy2 Dyn. 

A positive voltage with respect to the Y-direction wiring 5 
line is applied to Dx1 to select electron-emitting devices 
on the row Dx1 and perform threshold field control 
processing. Then, the same voltage is applied to Dx2 to 
select electron-emitting devices on the row Dx2 and per- 
form threshold field control processing. Similarly, the to 
rows Dx3, Dx4,..., Dxm are selected to sequentially per- 
form threshold field control processing in the X direction. 
This processing can reduce the influence of the voltage 
drop. 

[0103] The point-sequential threshold field control *5 
step is a method of selecting individual devices so as to 
enable independently driving them by using the matrix 
wiring, and performing the threshold field control step 
sequentially for the electron-emitting devices one by 
one . This method is free from the influence of the voltage 20 
drop, but the processing time is proportional to the 
number of devices. Thus, line-sequential processing, 
point-sequential processing, and simultaneous 
processing are chosen in accordance with the size of 
the electron source and the use purpose. 25 
[01 04] In Example 3, an anode whose entire substrate 
surface was covered with an ITO film (Indium Tin Oxide 
compound) was set at a height H = 0.3 mm above the 
matrix substrate, and the anode voltage Va was set to 
6kV. 30 
[01 05] Then, 0 2 was introduced into the vacuum ves- 
sel so as to set the interior to 1 x 1 0^ Pa. The n Y-direc- 
tion wiring lines Dy1, Dy2 Dyn were commonly 

grounded. The pulse voltage Vf = -50V to -100 V (pulse 
voltage width: 1 msec, pulse interval: 10 msec) was ap- 35 
plied to Dxl to select electron-emitting devices on the 
row Dx1 and perform threshold field control processing. 
The same voltage was applied to Dx2 to select electron- 
emitting devices on the row Dx2 and perform threshold 

field control processing. Similarly, the rows Dx3, Dx4 40 

Dxm were selected and sequentially underwent thresh- 
old field control processing in the X direction. 
[01 06] As a result, the same threshold field control as 
that of a single-bit device could be achieved on all the 
devices. 45 
[0107] As has been described above, the electron- 
emitting device and electron source according to the 
present invention can emit electrons from only a region 
of the electron-emitting member close to the extraction 
electrode. so 
[0108] The image forming apparatus constituted us- 
ing the electron source of the present invention can form 
a high-quality image almost free from brightness nonu- 
niformity and abnormal lights-on errors. A high-quality 
image forming apparatus such as a flat high-definition 55 
color television can be implemented. 
[0109] In an electron-emitting device having an elec- 
tron-emitting member containing carbon as a main com- 



ponent, and an extraction electrode arranged near the 
electron-emitting member, electrons can be emitted by 
substantially only a region of the electron-emitting mem- 
ber close to the extraction electrode. Brightness nonu- 
niformity and abnormal lights-on errors are reduced in 
an image forming apparatus in which the electron-emit- 
ting devices are constituted into an electron. The elec- 
tron-emitting threshold field of the electron-emitting 
member is set low at a portion close to the extraction 
electrode and high at a portion apart from the extraction 
electrode. 



Claims 

1. An electron-emitting device having an electron- 
emitting member containing carbon as a main com- 
ponent, and an extraction electrode arranged near 
the electron-emitting member, characterized in 
that 

an electron-emitting threshold field of the 
electron-emitting member is low at a portion close 
to the extraction electrode and high at a portion 
apart from the extraction electrode. 

2. A device according to claim 1, characterized in 
that the electron-emitting member containing car- 
bon as a main component includes a plurality of fi- 
brous carbon elements, and the fibrous carbon el- 
ements are made of a material which has an sp 2 
bond and is selected from the group consisting of a 
graphite nanofiber, a carbon nanotube, amorphous 
carbon, and a mixture of at least two materials se- 
lected from the group consisting of the graphite na- 
nofiber, the carbon nanotube, and amorphous car- 
bon. 

3. A device according to claim 1, characterized in 
that the electron-emitting member containing car- 
bon as a main component includes a thin film made 
of a material which has an sp 3 bond and is selected 
from the group consisting of diamond, diamond-like 
carbon, amorphous carbon, and a mixture of at 
least two materials selected from the group consist- 
ing of diamond, diamond-like carbon, and amor- 
phous carbon. 

4. An electron source characterized by comprising at 
least one electron-emitting device array constituted 
by arranging a plurality of electron-emitting devices 
defined in any one of claims 1 to 3 parallel to each 
other and connecting the electron-emitting devices. 

5. « An electron source characterized by comprising at 

least one electron-emitting device array constituted 
by arranging a plurality of electron-emitting devices 
defined in any one of claims 1 to 3, 

wherein low-potential supply wiring lines and 
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high-potential supply wiring lines which drive the 
electron-emitting devices are arranged in a matrix. 

6. An image forming apparatus characterized by 
comprising said electron source defined in claim 4 5 
or 5, and an image forming member which forms an 
image by electrons emitted by said electron source, 

wherein an electron-emitting amount of each 
electron-emitting device of said electron source is 
controlled by an information signal. 10 

7. A method of manufacturing an electron-emitting de- 
vice having an electron-emitting member contain- 
ing carbon as a main component, and an extraction 
electrode arranged near the electron-emitting 15 
member, characterized by comprising: 

the threshold field control step of performing 
processing so as to give an electron-emitting 
threshold field of the electron-emitting member 20 
a different value depending on a distance from 
the extraction electrode. 

8. A method according to claim 7, characterized in 
that the electron-emitting member containing car- 25 
bon as a main component includes a plurality of fi- 
brous carbon elements, and the fibrous carbon el- 
ements are made of a material which has an sp 2 
bond and is selected from the group consisting of a 
graphite nanofiber, a carbon nanotube, amorphous 30 
carbon, and a mixture of at least two materials se- 
lected from the group consisting of the graphite na- 
nofiber, the carbon nanotube, and amorphous car- 
bon. 

35 

9. A method according to claim 7, characterized in 
that the electron-emitting member containing car- 
bon as a main component includes a plurality of fi- 
brous carbon elements, and the fibrous carbon el- 
ements include a thin film made of a material which 40 
has an sp 3 bond and is selected from the group con- 
sisting of diamond, diamond-like carbon, amor- 
phous carbon, and a mixture of at least two materi- 
als selected from the group consisting of diamond, 
diamond-like carbon, and amorphous carbon. 45 

10. A method according to any one of claims 7 to 9, 
characterized in that the threshold field control 
step includes the step of partially etching the elec- 
tron-emitting member in an atmosphere of a sub- 50 
stance which can chemically react with the electron- 
emitting member. 



12. A method according to any one of claims 7 to 11, 
characterized in that in the threshold field control 
step, the electron-emitting member emits electrons. 

13. A method according to any one of claims 7 to 12, 
characterized in that in the threshold field control 
step, a negative potential with respect to the elec- 
tron-emitting member is applied to the extraction 
electrode, and a positive potential with respect to 
the electron-emitting member is applied to an an- 
ode arranged in opposite to the electron-emitting 
member via vacuum. 

14. A method of manufacturing an electron source in 
which at least one array of a plurality of electron- 
emitting devices is arranged on an insulating sub- 
strate, and low-potential supply wiring lines and 
high-potential supply wiring lines which drive the 
electron-emitting devices are arranged in a matrix, 
characterized by comprising: 

manufacturing the electron-emitting devices by 
the manufacturing method defined in any one 
of claims 7 to 13. 

15. A method according to claim 14, characterized in 
that the threshold field control step is line-sequen- 
tially performed by selecting an array of the elec- 
tron-emitting devices and driving each array. 

16. A method according to claim 14, characterized In 
that the threshold field control step is point-sequen- 
tially performed by selecting an electron-emitting 
device and driving the selected device. 



11. A method according to claim 10, characterized In 
that the substance which can chemically react with 55 
the electron-emitting member includes water, oxy- 
gen, and carbon dioxide. 
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